Background: Several studies have suggested cognitive deficits in migraineurs, and sex differences have also been observed in migraine, such as a higher prevalence in females. Nevertheless, little is known about gender-related differences in cognitive processing. In this study, we aimed to investigate the effect of gender on neurocognitive processing in migraineurs.
Background
Migraine is a debilitating pain disorder, characterized by severe throbbing headaches, photophobia, phonophobia and gastrointestinal disturbances, which causes lower quality of life, impaired sociability, loss productivity and even disability [1] . Psychiatric disorders, such as anxiety and depression, are common comorbidities of migraine [2] , and patients with chronic migraine often exhibit affective temperamental dysregulation and suicidal behaviors as well [3] . These specific psychological characteristics may significantly contribute to the psychosocial impairment and negatively modify the outcomes of migraineurs. In addition, some studies have indicated that migraineurs could suffer from cognitive deficits in several domains [4, 5] or subsequent dementia [6] . Migraine is closely associated with an increased prevalence of gray matter volume reduction in frontal cortex and cingulate gyrus, deep white matter lesions and subclinical cerebral infarcts as well [7, 8] , which can all lead to cognitive decline [9] .
Interestingly, there have been evidence indicating the existence of gender differences in migraine, including: 1) the prevalence is about twice as high in females compared with males [10] , 2) most associated symptoms are more prevalent and severe in women [11] , 3) female migraineurs have a greater number of comorbid diseases and are more likely to suffer from psychiatric comorbidities [12, 13] , 4) higher headache-related disability and healthcare resource utilization in females [14] , 5) gender-related responses to anti-migraine treatments such as triptans [15] , 6) the potential influence of estrogen fluctuations in female migraineurs [16] , and 7) sex differences in structural and functional brain alterations [17, 18] . Moreover, gender is also an important influential element in cognitive-behavioral performance [19, 20] . Nevertheless, to date, there has been little discussion on cognitive differences between male and female patients with migraine. Owing to difference in the incidence of this disease, there is the high possibility that migraine might exert diverse effects on cognitive processing between males and females.
Event-related potential (ERP) is a relatively objective and noninvasive neurophysiological examination that can reflect underlying brain activities during cognitive processing, and has been increasingly employed as a cognitive marker in various neurological disorders. P3 (also called P300), the most investigated ERP component, is regarded as an effective index of cerebral information processing [21] .
The aim of the present study was to characterize the effect of gender on migraine and possible interactions between gender and the disease in neurocognitive processing using a modified visual oddball paradigm. We hypothesized that migraineurs overall suffered from attentive processing impairment and attentional ERP abnormalities, such as reduced P3 amplitude and/or prolonged P3 latency. More importantly, considering the reported gender-related discrepancies in associated symptoms, comorbidities, headache-related disability and cerebral dysfunction [11, 13, 14, 17] , the impairment severity might also not be the same between male and female migraineurs. The attentive visual processing in migraine sufferers, assessed by corresponding original/ difference ERP components, might map onto observed gender-related functional differences.
Methods

Participants and criteria
Altogether, we recruited 49 outpatients with migraine without aura (25 females) from Shandong Provincial Hospital Affiliated to Shandong University. Besides, 48 age-matched healthy controls (24 females) recruited from hospital/ laboratory staff participated in this study. They did not suffer from any recurrent headache or drug/alcohol abuse.
All patients underwent necessary neurological examinations by two specialized neurologists (XL and XH), and were diagnosed according to the beta version of the International Classification of Headache Disorders, 3rd edition (ICHD-3 beta). Migraineurs were in the interictal period when enrolled, and had no attack 72 h prior to the recording and no symptoms of developing a migraine during or 72 h after the recording. The inclusion criteria for patients were: 1) fulfilling the criteria for migraine without aura as classified in the ICHD-3 beta, 2) aged between 18 and 45 years, 3) at least one migraine episode per month and at least 1 year's migraine history, and 4) outside migraine attacks during the recording, as well as at least 72 h before and after the experiment. The exclusion criteria for patients were: 1) receiving prophylactic anti-migraine therapy, 2) a history of analgesic drug overuse or addiction, 3) a drug/substance abuse or dependency, 4) general neurological disorders, 5) a history of mixed headache types, and 6) abnormal findings on neurological examinations or brain morphology indicating other potential neurological diseases. We also excluded participants who were illiterate, vision impaired, suffering from depression, or having suicide ideation and/or previous suicide attempts. All female subjects were verified to take no oral contraceptives for at least 1 week.
Within the study, migraine characteristics were obtained by a standardized interview using a structured questionnaire, including: 1) the frequency and duration of attacks during the previous year, 2) the history of migraine, and 3) the headache score representing a rating of the most severe migraine suffered over the past year by visual analog scale (VAS), with 0 indicating no pain and 10 worst possible pain respectively. Furthermore, 3 migraineurs (2 females) were excluded -two for excessive artefacts (blink and electromyographic activity) within electroencephalogram (EEG) data and one for incomplete clinical characteristics. So 46 patients (23 females) in total were included. In terms of controls, 2 participants (1 female) had to be excluded. One for lack of emotional rating scales and the other for technical problems during recording. Thus, we finally included 46 controls (23 females) for further analysis.
Emotional evaluation
In this study, we used Self-Rating Anxiety Scale (SAS) and Self-Rating Depression Scale (SDS) to evaluate emotional state of subjects as described in our previous study [22] . In brief, all participants responded to a series of questions associated with daily life to determine whether they had emotional abnormalities and severity.
Each scale contains 20 items rated on a four-level Likert scale, ranging from "never occurring or just a little of the time" to "most of the time" [23, 24] . Responses were summed to obtain a total score, and higher scores suggested greater levels of anxiety or depression symptomatology. The anxiety or depression state was defined as score of SAS above 49 or score of SDS above 52, respectively.
Stimuli and procedure
All subjects were seated comfortably in an armchair in an electrical shielded and sound attenuated chamber, and were directed to fixate and attend to a fixation cross at the center of a screen (23 in.) situated 0.5 m in front of them. A modified visual oddball paradigm was applied, and 501 stimuli divided into three separate blocks were presented in a random fashion with each stimulus lasting for 400 ms and a fixed inter-stimulus interval of 400 ms. Stimuli were comprised of standard (smaller circle, n = 381, p = 0.76), target (larger circle, n = 60, p = 0.12) and novel (square, n = 60, p = 0.12) stimuli. During the experiment, participants were instructed to discriminate target stimuli (n = 60, 20 for every block) from other stimuli as accurately and quickly as possible, and were required to count the number of target stimuli presented in each block mentally. Thereafter, the number was reported, followed by calculation and recording of accuracy based on counting mistakes. Subjects with accuracy below 90% were not considered in data analysis.
Recording of EEG signals
The continuous EEG signals (sampling rate 1000 Hz, low pass filter 100 Hz) were obtained from midline Fz, Cz and Pz electrode sites in accordance with the 10-20 international system using Neurolab EEG/ERPs 32 Channel Amplifier. All scalp electrodes were referenced to left mastoid signals, with right mastoid as ordinary recording site. Electrooculogram (EOG) was recorded with electrodes placed above and below the right eye and 10 mm from the outer canthi. Electrode impedance was maintained below 5 kΩ throughout the experiment.
EEG data analysis and measurement ASA 4.9.3 software was used for off-line analysis of EEG data. The data were re-referenced to the average of bi-mastoid signals. EOG artifacts were removed using independent component analysis (ICA) as suggested by Jung et al. [25] , followed by bandpass filtering at 0.1-30 Hz (24 dB/octave). Afterwards, EEG signals obtained were segmented into the epoch from 200 ms pre-stimulus to 800 ms post-stimulus, and a − 200 to 0 ms pre-stimulus baseline was applied for all ERP waveform corrections. Trials contaminated by high-frequency noise, other extra-cerebral artifacts, or peak-to-peak deflection exceeding ±100 μV amplitude at any electrode were automatically excluded from averaging. The segments were averaged separately for standard, target and novel stimuli, and grand averaged waveforms were generated using single-subject waveforms for further analysis.
The peak amplitudes and latencies of original ERP components were measured relative to the pre-stimulus baseline period. The positive peak between 300 and 500 ms post-stimulus, the negative peak between 50 and 190 ms, the positive peak between 110 and 270 ms, and the negative peak between 210 and 370 ms were applied to define the P3, N1, P2 and N2 components, respectively (Fig. 1) .
To reliably observe and better assess the target and novel effects, the difference waveforms were obtained by subtracting ERPs in response to standard stimuli from those in response to target and novel stimuli, respectively, and the components which showed significant gender difference in migraine patients were further analyzed at corresponding time intervals in difference waveforms (see Fig. 3 ).
The experimenters were blind regarding the subject's diagnosis and gender throughout preprocessing and measurements of EEG data.
Statistical analysis
Quantitative data were presented as mean ± standard deviation (SD). To compare demographic features, emotional characteristics and behavioral parameters, a two-way analysis of variance (ANOVA) was conducted. Student's t-test for independent samples (two-tailed) was used for comparisons of clinical features between male and female patients. Additionally, amplitudes and latencies of original ERP components were analyzed by repeated-measures ANOVA, with stimulus (standard, target and novel) and electrode (Fz, Cz and Pz) as within-subject factors, while with group (migraineurs vs. healthy controls) and gender (male vs. female) as between-subject factors. For difference ERP components, repeated-measures ANOVA was performed with electrode (Fz, Cz and Pz) as a within-subject factor, while with group (migraineurs vs. healthy controls) and gender (male vs. female) as between-subject factors. The degrees of freedom were corrected for nonsphericity using Greenhouse-Geisser epsilon if necessary. Further post-hoc analysis using Bonferroni correction was conducted for significant results. Statistical calculations were carried out with SPSS 23.0 (SPSS Inc., Chicago, IL, USA). The significance level was fixed at 0.05 for all analyses, and effect sizes were reported as partial eta squared (η 2 ). Tables 1 and 2 show demographic and clinical characteristics. We did not find effects or interactions in age and education level of participants (ps > 0.3). There existed no significant sex differences in migraine frequency (p = 0.763), duration of attacks (p = 0.897), history of migraine (p = 0.798) and headache score (p = 0.658) either.
Results
Subject characteristics
Emotional features
The emotional evaluation indicated that migraine patients were more anxious than healthy controls (F(1,88) = 23.814, p < 0.001, partial η 2 = 0.213), while across groups, SAS score was not affected by gender (F(1,88) = 2.462, p = 0.120). We found significant group × gender interaction (F(1,88) = 4.004, p = 0.048), and both male and female migraineurs tended to be more anxious than their control counterparts (F(1,88) = 4.144, p = 0.045 for males and F(1,88) = 23.674, p < 0.001 for females). In addition, the SAS score was higher in female patients compared with male patients (F(1,88) = 6.373, p = 0.013), but not for healthy participants (F(1,88) = 0.093, p = 0.761) (see Table 2 ).
No group, gender effects or group × gender interaction was obtained in SDS score (ps > 0.05).
Behavioral data
For accuracy of subjects (male migraineurs, 97.2%; female migraineurs, 97.1%; male controls, 97.6%; female controls, 97.9%), no effects or interaction was observed significant (ps > 0.2).
Original ERP analysis
The grand averaged ERP waveforms are demonstrated in Fig. 1 , and analyses of multiple original ERP components are summarized in Table 3 .
P3 component
Figure 2a depicts topographies of voltage distribution for P3b and P3a components. P3 amplitude showed remarkable main effect of stimulus (F(1.722,151.528) = 113.387, p < 0.001, partial η 2 = 0.563), with a maximum of 5.790 μV (SD 3.458) for novel stimulus (P3a). The amplitude was markedly reduced in migraine patients (3.584 ± 3.112 μV) compared with healthy controls (4.681 ± 3.776 μV, p = 0.001, partial η 2 = 0.125). Although no difference was found between genders (p = 0.105), the interaction of group × gender was statistically significant (p = 0.002, partial η 2 = 0.100) ( Table 3) . Post-hoc analysis Data were expressed as mean ± SD SAS Self-Rating Anxiety Scale, SDS Self-Rating Depression Scale No significant difference was discovered in analysis of N1 latency (ps > 0.1).
P2 component
In terms of P2 amplitude, significant stimulus effect (F(1.277, 112.348) = 113.309, p < 0.001, partial η 2 = 0.563) was obtained, and novel stimulus elicited the largest amplitude (4.340 ± 2.728 μV). As shown in Table 3 , the group (p = 0.085) and gender effects (p = 0.297) did not reach significant levels, while there appeared to be noticeable group × gender interaction (p = 0.001, partial η 2 = 0.116). Subsequent analysis displayed that in females, the amplitude was reduced in migraineurs compared with controls (F(1,88) = 13.201, p < 0.001, partial η 2 = 0.130), but this phenomenon did not exist in males (F(1,88) = 1.360, p = 0.247). No difference was observed between male controls and female controls Data were expressed as mean ± SD SAS Self-Rating Anxiety Scale, SDS Self-Rating Depression Scale (F(1,88) = 2.749, p = 0.101). By contrast, the amplitude was lower in female migraineurs in comparison with male migraineurs (F(1,88) = 9.871, p = 0.002, partial η 2 = 0.101) (see Fig. 2b for novel-elicited P2). As for P2 latency, the electrode effect was proved remarkable (F(1.768,155.604) = 34.315, p < 0.001, partial η 2 = 0.281). Other effects or interactions were not significant (ps > 0.4).
N2 component
Neither group (p = 0.748 for amplitude; p = 0.797 for latency) nor gender effects (p = 0.615 for amplitude; p = 0.803 for latency) was found significant in N2 analysis. No group × gender interactions (p = 0.105 for amplitude; p = 0.141 for latency) was obtained either.
Difference ERP analysis
The difference waveforms are displayed in Fig. 3 , in which P3 and P2 difference components were further analyzed (see Table 4 and Fig. 4 ).
P3d T and P3d N components
The analysis of P3d T and P3d N (i.e., the P3 target and novel effects, respectively) amplitudes both demonstrated significant electrode effects (F(1.976, 173.868) = 23.436, p < 0.001 for P3d T ; F(1.951, 171.712) = 5.170, p = 0.007 for P3d N ). The amplitudes were smaller for migraineurs (P3d T : 4.073 ± 2.183 μV, P3d N : 4.696 ± 2.082 μV) than for controls (P3d T : 6.033 ± 3.497 μV, P3d N : 6.619 ± 2.872 μV; p < 0.001, partial η 2 = 0.187 for P3d T ; p < 0.001, partial η 2 = 230 for P3d N ). We failed to find gender effects (ps > 0.1), while the significant interactions of group × gender (p = 0.003, No statistically significant difference was obtained in latencies of P3d T and P3d N (ps > 0.05).
P2d N component
The P2d T (target minus standard) amplitude of participants did not differ significantly from zero in all electrodes (all p > 0.05 by paired t-test) (Fig. 3a) , thus only P2d N (novel minus standard) was measured and analyzed. Although there was no difference between genders (p = 0.164) in P2d N amplitude, the group effect (p = 0.012, partial η 2 = 0.070) and group × gender interaction (p = 0.004, partial η 2 = 0.089) were observed (see Table 4 ). Post-hoc tests revealed remarkable differences between female migraineurs and female controls (F(1,88) = 15.227, p < 0.001, partial η 2 = 0.148), as well as between female migraineurs and male migraineurs (F(1,88) = 9.444, p = 0.003, partial η 2 = 0.097). Other Data were expressed as mean ± SD P3d T , P3d N and P2d N represent the P3 target effect (target minus standard), P3 and P2 novel effects (novel minus standard), respectively *P < 0.05, **P < 0.01, ***P < 0.001 by repeated-measures ANOVA (Bonferroni correction)
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comparisons did not reach significant levels (ps > 0.2) (Figs. 3b and 4c) . We did not discover any notable effects or interactions in P2d N latency (ps > 0.05).
Discussion
In the present study, by using a modified visual oddball paradigm, we discovered emotional and interictal attentive processing abnormalities in migraineurs, including higher levels of anxiety, reduced P3, P3d T and P3d N amplitudes, and lower P2d N amplitudes. Moreover, gender-related differences of these parameters in migraine patients were also observed, and female patients tended to suffer from more severe abnormalities in these domains compared with male patients, such as anxiety state, targeting processing and attention orienting [26] .
Investigations in adults have established a correlation between migraine and internalizing psychiatric comorbidities [27] . Evaluated by emotional rating scales, although no discrepancy was obtained in SDS analysis, migraineurs reported higher scores on SAS, which was consistent with a previous study using same measurement scales [28] . More important was the phenomenon that female patients were more anxious than male patients, while this sex-related difference did not exist in healthy participants. Similarly, Juang et al. discovered that psychiatric disorders were more frequent in female patients with transformed migraine in comparison with male counterparts [29] , and Wilcox et al. also reported a significant female predominance in comorbid anxiety in a recent cohort of 187 adolescents suffering from migraine [30] . Since anxiety and other mood disorders have been shown to be related to higher healthcare expenditures [31] , poor quality of life [32] and even increased suicidal risk for migraineurs [33] , as well as influencing their symptomology, clinical course and treatment response [34] , it is reasonable to conclude that psychiatric comorbidities could lead to increased burdens as mentioned above, and to some extent, affecting clinical outcomes of migraine patients, such as perceived disability [35] and migraine chronification [36] , particularly for women who seemed to have higher levels of anxiety. P3, including P3b and P3a, is a generic name of various relatively late and positive components [21] . This reliable component is considered as mirroring aspects of cognitive processing, with its amplitude widely used as a measure of processing capacity and largely determined by attention allocation, working memory and decision making [37] . In this study, we discovered significant group effects in amplitudes of P3 and difference P3 components, indicating impaired cognitive processing of visual information in migraineurs overall. Consistently, other researchers found reduced P3 amplitude in migraine patients as well [38, 39] . Following analysis revealed significant difference between female patients and female controls, but not for male subjects. Interestingly, compared with male patients, lower amplitude was observed in female patients after controlling for age, education and other clinical characteristics. This disease-specific finding was further validated in P3d T and P3d N components, which are believed to better represent attention and response towards task-relevant and deviant stimuli. The aforementioned results suggested that female patients might suffer from more severe abnormalities in visual neurocognitive processing under attentional conditions, such as target processing and attention orienting, at least in the interictal period.
P2, a cognitive-evaluative component with a predominant frontal distribution at around 200 ms post-stimulus, is indicative of early perceptual processing, feature detection, automatic evaluation and attentional recruitment [40, 41] . Considering that the frontal region is crucial for these processes, P2 component could be employed to reflect frontal activity. Nevertheless, we failed to observe conspicuous P2d T due to a subset of participants displaying a difference "negativity", regardless of groups or genders. This subset of subjects did not differ in any characteristics from the other tested subjects. Although group effect was not found for P2 in original waveforms, it existed in difference P2d N amplitude, implying potential frontal dysfunction in migraine sufferers, which was verified in previous researches [7, 42] . In addition, similar sex discrepancies resembling P3 were also obtained in patients, suggesting that female migraineurs might have more serious disturbances in allocating attentional resources for the later cognitive processing than males did.
There are some pieces of indirect evidence supporting our observations. It was demonstrated that female patients suffering from chronic migraine showed more dysfunctional organization in resting functional networks than in male patients [17] , and resting networks could be conceived as neurocognitive entities that incorporate both local and global processes [43] . Furthermore, Kruit et al. reported that women, but not men, with migraine with and without aura were at increased risk of high deep white matter lesion load [44] . Additionally, Palm-Meinders et al. discovered that female sufferers had a higher prevalence and a greater increase of deep white matter hyperintensities at the 9-year follow up [45] , and white matter hyperintensities as well as other structural abnormalities have been linked to multi-domain cognitive impairment in migraineurs and the elderly [9, 46] . However, larger amplitudes of N2 and N2d (target minus standard) were obtained in male patients than female patients using an auditory oddball paradigm [38] , which were not found in our study. The inconsistencies might arise from different stimuli used for ERP elicitation and distinct criteria for participant selection. So different paradigms and standardized experimental procedures should be used in future studies. More importantly, since migraine is known to be a multifactorial disorder, it is possible that the observed sex differences in cognitive processing might be affected by various determinants, including sex hormone fluctuations and genetic variance [11, 16] , while the exact mechanisms deserve further elucidation.
To the best of our knowledge, this was the first study to report gender-related differences in neurocognitive processing of visual stimuli and topographical voltage distributions for migraineurs. A sensitive three-stimulus paradigm and difference waveforms were employed to make the results more convincing. Besides, sex discrepancies in emotional characteristics were investigated, and the effect of emotion on cognitive ERPs was almost ruled out (Pearson's correlations, see Additional file 1: Table S1 ). However, our study had several limitations when interpreting the present findings. Firstly, the small cohort did not include migraine patients with aura, which needed further investigation. Moreover, we recruited participants with broader age range, thus making the data less homogenate and resulting in lower statistical power. Finally, source analysis was not performed in this experiment, which we wished to work on in the near future to reveal neural generators of corresponding ERP components, and more microscopically, uncover possible gender-specific differences at the network level.
Conclusions
The present study revealed gender-related differences in interictal migraine patients without aura. We observed that the emotion and attentive visual processing of females seemed to be more vulnerable to migraine, for example, higher anxiety levels and lower amplitudes of cognitive original/difference ERP components. Our findings suggest the existence of gender effect and the importance of considering gender when investigating neurocognitive processing of migraineurs. In addition, it was demonstrated that migraine patients overall suffered from attentive processing abnormalities, which showed a skewed balance between males and females. Given this, in order to facilitate better outcomes for patients, it is important to highlight cognitive-behavioral therapy, and sex should also be taken into account, especially for women whose abnormalities tended to be more severe, at least indicated by this study. Moreover, in order to better understand gender-related discrepancies of migraine and their diverse mechanisms, more investigations are still warranted. Cognitive ERP components, such as P3, might serve as promising electrophysiological biomarkers to investigate gender-related differences of migraine in specific domains, while the availability needs to be further validated.
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